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Abstract 
Extracorporeal Membrane Oxygenation (ECMO) therapy provides stable heart and lung functions via mechanical means for 
patients with severe but reversible cardiac or respiratory failure [1]. As a result, the survival rate of these patients can improve 
from 25% to nearly 75% [2]. While there are over 235 medical centers world-wide that employ ECMO [3], no formal standards 
exist for the composition of an ECMO ‘circuit,’ best practices for operation and maintenance, or training and certification of 
ECMO specialists. Since 2011 the Professional Masters of Applied Systems Engineering (PMASE) program at the Georgia 
Institute of Technology (GIT) and medical staff from ECMO centers have collaborated to characterize and improve upon state-
of-the-art ECMO therapies. This paper details the collaborators’ work in applying systems engineering principles and practices to 
ECMO therapies including the use of model based systems engineering (MBSE) to capture the ECMO domain, concept of 
operations, need statement, high level use cases, requirements, system and user behaviors, and both abstract and concrete 
structural designs. Finally, the paper explains how this work is applicable towards improvements in data collection, human 
factors, trade-off analysis for future technology insertions, and other ECMO improvement projects. 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of Georgia Institute of Technology. 
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1. Introduction 
This paper describes an application of SE principles, practices, and processes to inform ECMO therapy 
improvement decisions by creating a MBSE framework for the ECMO system-of-systems (SoS). In May of 2011, 
the GIT PMASE program partnered with the extracorporeal life support (ECLS) unit of Children’s Healthcare of 
Atlanta (CHOA) to apply the PMASE students’ capstone project towards the improvement of ECMO therapies. That 
collaboration was continued in May of 2012 by a subsequent PMASE cohort and expanded to include additional 
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ECLS medical professionals from the Kapi’olani Medical Center for Women and Children in Honolulu, HI; Miller 
Children’s Hospital in Long Beach, CA; Rady Children’s Hospital in San Diego, CA; and the University of Arizona 
Medical Center in Tucson, AZ. The result of this collaboration is a MBSE framework, based in the Systems Markup 
Language (SysML), that captures ECMO therapy functionality, requirements, behaviors, structure, and constraints 
and their cross-cutting relationships. 
This paper describes how the ECMO MBSE framework was created, presents some of its key aspects, and makes 
the case for systems engineers, system designers, and medical professionals alike to leverage the framework to 
improve and inform ECMO therapy improvement decisions. The potential decision making improvements include 
better trade-off analysis in support of technology insertions, the capture and refinement of ECMO therapy best 
practices, and providing the basis for ECMO equipment standardization. Finally, this paper proposes several follow-
on projects which may serve as topics for future applied research or Masters level capstone projects. 
2. The current state of ECMO 
ECMO therapy provides a patient with mechanical heart and lung bypass for up to 30 days thereby allowing the 
patient’s organs to rest and heal. As a result the survival rate of these patients can improve from 25% to nearly 75% 
[2]. During ECMO therapy the patient’s blood is first removed from the body via large diameter tubing called 
cannula and passed to an external pump. The pump induces a pressure on the blood and provides it, via additional 
tubing, to a gas exchange device, often called an oxygenator, which then exchanges carbon dioxide for oxygen in the 
blood. The re-oxygenated blood is then warmed to an appropriate temperature, nominally 37° Celsius, before being 
returned to the patient’s body via a second cannula. The tubing, pump, oxygenator, warmer, and other medical 
devices used in ECMO therapy are collectively known as an ECMO circuit. As blood passes through the ECMO 
circuit it is monitored for correct pressure, oxygen levels, temperature, thrombosis (clotting), and the presence of 
emboli. The blood may also receive other treatment as prescribed by the attending physician such as medication and 
additional fluids. In some cases the circuit is extended to provide the patient with kidney function via dialysis. Blood 
naturally responds to contact with foreign surfaces, such as the inner surfaces of an ECMO circuit, by clotting. 
Therefore, anticoagulation is a major component of all ECMO therapy, and the natural increase in the likelihood of 
thrombosis over time provides a natural constraint on the length of time that an ECMO circuit may be used. 
No formal standards currently exist for the design and composition of an ECMO circuit. ECMO circuits are 
designed by medical staff at each individual medical center, and, although knowledge and lessons learned are 
certainly shared through the Extracorporeal Life Support Organization (ELSO), ECMO circuit designs are largely 
unique to each medical center. Further, there is no standard repository for ECMO circuit designs, and each medical 
center is left to document its circuit configuration in whatever manner it sees fit. Detailed operations and 
maintenance procedures must be developed for each circuit design. At the component level, the medical equipment 
used to compose an ECMO circuit is often repurposed from other medical applications. For example, a blood pump 
design to support a 4 to 6 hour open heart surgery may be repurposed for a 30 day ECMO therapy. 
3. Establishing the ECMO framework 
The first team (gtECMO2011) undertook an effort that was to be the first collaboration between CHOA and 
PMASE. The work described the earliest of phases of systems engineering in relation to ECMO. As such, the charter 
of gtECMO2011 was to characterize and document the ECMO system as it currently stood, and use sound systems 
engineering methodologies to propose a roadmap to lead future PMASE teams and CHOA toward increasing levels 
of improvement to ECMO. Though this effort barely scratched the surface of the greater systems engineering 
process, it was an important first step toward such a goal. The future project teams would then be able to further 
apply the systems engineering process in implementation of the proposed projects. 
This section will briefly describe the systems engineering process as practiced by the gtECMO2011 team and 
discuss the tools that were used to further the team’s knowledge of the problem domain, convey the value of the 
systems engineering process to the medical practitioners, and bridge the gap between the vocabularies of the 
engineers and most of those involved in the medical field. Illustrations of the tools used and a more thorough 
description of the processes can be found in [4]. 
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Given that the relationship between CHOA and PMASE was to extend beyond the initial project proposed by 
gtECMO2011, a mission statement was required to frame the long-term interaction between the two entities. The 
following mission statement was constructed through iteration between CHOA and PMASE at the initial meeting. 
“CHOA and the Georgia Tech Professional Masters of Applied Systems Engineering (PMASE) program will 
partner, in the spirit of continuous improvement, to facilitate a state transformation of the ECMO system of systems. 
Each PMASE project team will refine the understanding of the current state, concepts for the ideal future state, and 
the architecture for state transformation while providing tangible value and incremental progression toward the 
desired future state.” 
In cooperation with CHOA, the gtECMO2011 team identified the following statement to guide team actions 
during this 2011 iteration of the CHOA - PMASE partnership. The goal is to provide the highest possible benefit to 
all stakeholders including health care professionals, student participants, and academic faculty. 
“A need exists to improve the timeliness and synthesis of the information used by the physician to plan, the 
specialist to operate, and the biomedical engineer to maintain safe and effective patient therapy with extracorporeal 
membrane oxygenation (ECMO).” 
Initially, gtECMO2011 and CHOA met so the team could describe the systems engineering process and how it 
could apply to ECMO. The team also interviewed CHOA representatives to gain insight into the system as it 
currently stands and presented projects that could be undertaken at the time or in the future based on the team’s 
nascent understanding of the system. This brainstorming session allowed the CHOA representatives to talk through 
current implementation problems and describe “perfect-world” scenarios that were desired but not necessarily 
achievable given the current state of medicine and regulation. During this meeting, a mix of Systems Modeling 
Language (SysML) diagrams was used to begin to identify stakeholders (use case diagram) and to characterize the 
system (Block Definition diagram). 
Following this meeting, and using the use case diagram started at the meeting, the team began to document the 
relevant stakeholders in the project domain. The SysML Use Case diagram format was well suited to this task, and 
was easily understood by the CHOA representatives after only a brief introduction to the format. Several iterations 
of the diagram were conducted, and each was passed from the project team to the sponsors for comment. After 
starting with a diagram that only captured the project team, lead physician, ECMO specialist and patient the final 
diagram contained many more stakeholders including the surgeons, biomedical engineers, and device manufacturers. 
Two concurrent activities were also identified involving the actors: the continued ECMO therapy being performed 
by CHOA staff and the improvement efforts being undertaken by the gtECMO2011 team. 
With some knowledge of the system, the team then met with some of the stakeholders to clarify the expectations 
of the project. Though much information was available to the team, there were no formal system requirements. 
Instead of focusing on development of formal requirements, the team performed a gap analysis to find what kinds of 
improvements could be realized in twelve week timeframes (the length of a PMASE capstone project). Using this 
information, the team further refined the proposed future projects and the inputs and outputs of each. Some of these 
projects may require formal requirements phases, and some may be better suited to a more agile approach. This 
would be up to further project teams and stakeholders to determine. 
Next, the team conducted a series of interviews with eight stakeholders of the system. These interviewees 
included a pediatric cardiologist, a pediatric pulmonologist, four advanced technology specialists, and one ECMO 
Specialist as well as a representative from the pump apparatus manufacturer used by CHOA at that time. Though 
attempted and desired, an interview with the biomedical engineer responsible for maintenance was not possible in 
the timeframe of the project. The interviews led to a series of invaluable observations that were voiced by several 
members of the CHOA ECMO organization and, where appropriate, have been integrated into this approach. These 
are detailed in [4]. 
The team then went on to improve the SysML block definition diagram (BDD) used to characterize the ECMO 
system, again iterating with the sponsor to refine the contents. Much like the Use Case diagram used for stakeholder 
identification, the BDD was understood by the CHOA representatives with minimal explanation. An Internal Block 
Diagram of the ECMO domain, showing the flow of blood through the system and the interrelation of the patient, 
circuit and specialist was also created. This level of documentation of the state of CHOA’s ECMO implementation 
was not something they had previously developed and was well received by the sponsor. 
Finally, the team created a series of mockups and a prototype of a potential future data synthesis system. 
Currently, there are numerous displays in numerous locations throughout the bedside area of a CHOA ECMO 
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deployment, all of which display some form of data which may or may not be relevant to the therapy at any given 
time. The goal of the prototype [5] was to act as a jumping off point for discussion of a display that could show all 
of this data in one location and allow the current user of the system, whether a specialist or a physician, to show or 
hide data that is important at any given time. 
4. Extending the ECMO framework 
In May of 2012 a second PMASE cohort team, gtECMO2012, selected ECMO therapy improvements as the 
topic for their capstone project. After an initial kickoff meeting with the primary stakeholder from CHOA, the team 
identified the need to provide a framework for performing tradeoff analysis of various technology insertion projects 
at CHOA. These included the introduction of a new centrifugal blood pump to create a second CHOA ECMO circuit 
design and the need to replace the heating component which was scheduled for end-of-life within the next calendar 
year. The team also recognized the need to capture engineering artifacts depicting the full lifecycle of ECMO 
therapy operations. These included acquisition costs, maintenance, training, and knowledge sharing with the wider 
ELSO community. Of particular concern were best practices that could lead to improved outcomes for ECMO 
patients. Because the 3 person PMASE team was geographically spread between Atlanta, GA, Tucson, AZ, and 
Long Beach, CA the team also identified an opportunity to include additional ECLS medical centers in Arizona and 
California in the project. The Kapi’olani Medical Center for Women and Children in Honolulu, Hawaii was also 
identified due to the business travel schedule of one of the team members. 
The team identified the Defense Acquisition University’s systems engineering process [6] as an appropriate 
process for updating and extending the ECMO MBSE framework. The plan was as follows: 
1. Use the gtECMO2011 team’s concept, need statement, use cases, and ECMO domain capture as the input to 
the process. Existing SysML diagrams would be updated and refactored as needed. 
2. Develop a minimal set of requirements at the SoS level and decompose those into system (ECMO circuit) 
and then component level requirements. 
3. Perform a functional analysis of ECMO circuit system behaviors. A primary goal was to establish at least 
two levels of abstraction in the model: a level of abstraction that captured the functions and behaviors of an 
ideal ECMO circuit, and another level of abstraction that captured the functions and behaviors of existing 
ECMO implementations. 
4. Synthesize structural models of the ECMO circuit and its encapsulating domain. Again, a layered approach 
was used to capture both an idealized or abstract ECMO circuit as well more concrete models of existing 
ECMO circuit designs. 
5. Leverage the capability of SysML to capture cross-cutting relationships such as requirements traceability, 
requirements allocation to functions, and functional allocations to structural components. 
6. Generate a comprehensive set of SysML models as the primary engineering artifact and output of the 
process. 
The process was both iterative and incremental with requirements development, functional analysis, and 
structural model synthesis occurring in parallel. System analysis and control occurred by eliciting regular feedback 
from stakeholders in the ECLS medical community, observing actual ECMO therapies and systems whenever 
possible, performing internal team reviews of work products, and through periodic consultation with the primary 
stakeholder and PMASE instructor. 
4.1. Requirements development 
Requirements were first developed at a SoS level with use cases, the ECMO domain model, and two reference 
texts [1,7] as the primary inputs to their development. SoS requirements were scoped to include the extension of 
patient life, system certification, standardization of patient care, standardization of ECMO circuit use, safety, and 
costs. These high-level requirements were then further decomposed. For example, the requirement to extend patient 
life was decomposed into a requirement to lengthen the physician’s available time to perform a diagnosis and a 
requirement to lengthen the available time for a patient’s heart and lungs to heal.  
The certification requirement was decomposed into separate certification requirements for ECMO specialists, 
physicians, and hospitals. An annual recertification requirement was also identified. The requirement for 
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standardized patient care was decomposed into requirements for standard ECMO patient selection criteria, standard 
methods for quantifying an ECMO patient’s current status, standard methods for discontinuing ECMO therapy, 
standardized emergency procedures, and standards for patient treatment. The requirements for standardization of 
ECMO circuit use, safety, and costs were decomposed in a similar manner. 
System level requirements were developed for the ECMO circuit and were grouped into two basic categories; 
normal operation and abnormal operation. Normal operations included requirements to treat blood, circulate blood, 
and provide feedback to the attending physician and the ECMO specialist. These requirements were then 
decomposed to an appropriate level of detail. For example, the requirement to treat blood was decomposed into 
requirements to administer injections, control blood temperature, provide an interface for blood removal, and 
exchange carbon dioxide for oxygen in the blood. Requirements for abnormal operations included the requirement 
to provide alerts for abnormal conditions, for the detection and removal of blood clot formations (thrombosis), for 
detecting and purging gas bubbles during an ‘air-in occurrence,’ detecting and resolving ‘blood-out occurrences,’ 
and for providing backup sources for power, required gases, and work lights. 
Before attempting to develop component level requirements, the team acknowledged that requirements at the 
component level typically assume that an architectural description has been developed for the system-of-interest. In 
the case of ECMO therapy, no such architectural description currently exists. In fact, a primary goal of the ECMO 
MBSE framework was to facilitate the necessary tradeoff studies and analysis for creating a robust ECMO 
architecture. However, a secondary goal of the project was to provide the project’s stakeholders in the medical 
community with working examples of the engineering processes. Therefore the team decided to generate an example 
set of component level requirements against the abstract structure models described below. For example, these 
example component requirements included a requirement for a circuit to include components such as a gas 
exchanger, tubing, gas bubble sensor, and blood warming unit. It is hoped that future trade studies, system modeling 
and simulation, industry standards, and rigorous analysis of best practices and lessons learned will be used to capture 
an exemplar ECMO architectural description. This architectural description would in turn drive the development of 
a robust set of component level requirements. 
Throughout the requirements development process, the LaPlue method [1] was applied to ensure that behavioral 
requirements were developed in a rigorous manner. Under this methodology, behavioral requirements are organized 
by external nodes (e.g. system level components) and then by output. This organization was loosely followed in the 
development of the ECMO requirements. The methodology further prescribes a template for how each requirement 
is written. The team found the requirements template to be the most useful part of the LaPlue methodology, and the 
template was used extensively to ensure that behavioral requirements were unambiguous, verifiable, consistent, 
necessary, and attainable. For example, the ‘Lengthen Physician Diagnosis Time’ requirement was written as 
follows: 
 
“The ECMO system SHALL produce a patient with stable heart and lung functions 
for use by the diagnosing physician, 
if the patient has been identified as a suitable candidate for ECMO treatment, 
and if the patient suffers from rapid onset of cardiopulmonary failure before a definitive diagnosis is made, 
using the patient's blood and the specified blood pressure value and the specified oxygen saturation level 
and the specified maximum CO2 saturation level, 
where the resulting blood pressure is within 2% of the specified value, 
and where the oxygen saturation is within 2% of the specified value, 
and where the CO2 saturation is less than the specified maximum value, 
and where the blood temperature is 37 +/- 1 degC, 
and where the patient's overall condition remains stable for a maximum of 30 days.” 
 
Requirements were reviewed and validated by three different ECMO experts from two of the partner medical 
organizations. These requirement reviews focused on ensuring that the requirements properly satisfied the 
stakeholders’ needs and completely described the requirements of the entire ECMO domain. A separate team review 
of the requirements focused on whether the requirements provided enough information to generate an acceptable 
design solution and whether they were free of implementation decisions. 
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4.2. Behavioral models 
The team decided to employ a layered approach to capturing system behaviors. One layer captures behaviors 
with the minimal amount of assumptions for the physical implementation of an ECMO circuit. This allows the 
framework to be used as a tool for future tradeoff analysis without unduly biasing the results towards a particular 
type of circuit. For example, two major types of blood pumps exist; one type uses a roller head to squeeze the plastic 
tubing of the circuit thereby inducing a pressure while another type uses a spinning fan blade to create a centrifugal 
force on the blood. The first layer of behavioral models does not assume a particular type of blood pump. The 
second layer of behavioral models captures specific actions and procedures that are employed at various partnering 
medical centers. These behavioral models apply to specific physical implementations of ECMO circuits. 
Two main state machine diagrams were created to begin the process of capturing behavioral models of the 
ECMO domain. The first state machine modeled the various states of a patient from the time that they are a 
candidate for ECMO therapy to the time that they have completed treatment and are removed from heart and lung 
bypass. The second state machine modeled the state of a generic or abstract ECMO circuit from the time that it is 
constructed to the time that the patient is removed leaving the circuit in a contaminated state. Both state machines 
captured major off normal states such as a patient being rejected for ECMO therapy and a circuit that has 
catastrophically failed. The ECMO circuit state machine, shown in Figure 1 below, became the basis for further 
behavior analysis. 
Fig. 1. ECMO Circuit state machine 
 
Once a patient is connected to an ECMO circuit, the circuit reaches the Connected and Circulating state and 
performs the Circulate Patient Blood activity. The Circulate Patient Blood activity is shown in Figure 2 below and 
depicts all of the actions that a generic ECMO circuit performs while in the Connected and Circulating state. The 
Treat Blood action was further decomposed into a separate activity diagram (not shown), and this functional 
decomposition process was iterated several times until all of the captured behavioral requirements were linked to a 
specific action in the model. 
Sequence diagrams were also generated to capture detailed procedures and protocols at the various medical 
centers. For example, the circuit priming protocols used at Rady Children’s Hospital and the University of Arizona 
Medical Center were captured as separate sequence diagrams. Other sequence diagrams were generated for circuit 
inspections, pump startup, and patient disconnect procedures. By capturing protocols and procedures from various 
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medical centers in a common language, SysML, it is hoped that future studies can compare these behaviors to 
discover best practices for safety and efficiency. 
Fig. 2. Circulate Patient Blood activity diagram 
4.3. Structural models 
A fundamental decision that must be made when architecting a system is whether to allocate a physical element 
to satisfy a desired function or to abstract the element thereby delaying the physical allocation until more 
information is known. For the ECMO framework, the team wanted to provide a completely abstract model of the 
system and to capture the physical allocations that already existed in the numerous circuit designs currently in use. 
To accomplish this, two layers of abstraction were implemented for the structural models. The first layer consisted 
of generic, abstract blocks while the second layer consisted of more concrete elements. Each layer of abstraction has 
utility in the SE process. As described in the Cross-cutting section below, the abstract structures can be used for 
functional allocation during architectural design iterations. The second layer of abstraction models the many 
different circuit designs, both in use today and proposed, and maps those designs back to the abstract circuit model. 
The gtECMO2012 team’s first task was to refine the ECMO Domain diagrams that had been produced by the 
gt2011ECMO team. This task included expanding the block definition diagram (BDD) to include blocks such as 
Family and Laboratory, moving the generalization/specialization relationships to a separate diagrams for clarity, and 
removing CHOA-specific implementation details from both the BDD and the internal block diagram (IBD). 
Fig. 3. (a) Heater Types diagram, (b) Sensor Types diagram  
598   Nathan L. Adams and L. Drew Pihera /  Procedia Computer Science  16 ( 2013 )  591 – 600 
 
Next, the blocks for specific hardware components were defined as specialization of the abstract hardware 
component blocks. For example, the block representing the CSZ ECMO Heater, a blood warming device common to 
many circuits in use today, was defined as a specialization of the abstract Heater block. Figure 3 above shows two 
examples of the generalization/specialization relationships defined for hardware components. 
Finally, several existing circuit designs were captured and modeled as blocks that specialized the abstract ECMO 
Circuit block. The part properties for these blocks were typed using the hardware component specialization blocks. 
In this manner the circuits currently in use at partnering medical centers were captured in as high detail as possible. 
The IBD for the roller-head circuit design used at CHOA illustrates one of the major challenges of current ECMO 
circuit designs: monitor and control complexity. With this basic circuit setup, an ECMO specialist must monitor 6 
different displays and operate the circuit using 4 different control panels. 
4.4. Cross-cutting relationships 
The gtECMO2012 team decided to generate the initial set of requirements using Van Meurs’ “ECMO 
Extracorporeal Cardiopulmonary Support in Critical Care, 3rd edition” [1] and the “ECMO Policy and Procedure 
Manual” from CHOA [7] as primary sources. Time with stakeholders could then be used to validate the content, 
scope, and organization of these draft requirements. To facilitate requirements traceability, each reference text was 
modeled as a SysML block with each chapter modeled as a part property of the appropriate reference text. All 
requirements generated from these reference documents received a “trace” relationship to the part property 
representing the text from which it was developed. 
Once various system behaviors had been defined, a requirements allocation was performed by creating a 
“satisfies” relationship between a behavior and the appropriate requirement. A requirements satisfaction matrix was 
then generated to show which requirements had been satisfied by a defined behavior and which had not. 
Behaviors were then allocated to abstract structural components. For example, the Return Patient Blood action, 
which appears on the Circulate Patient Blood activity diagram, was allocated to the Cannula part property of the 
abstract ECMO Circuit block. A behavior allocation matrix was generated and proved useful in verifying that the 
SysML model was correct and complete; structural elements that did not have a behavioral allocation were analyzed 
to determine if they were actually needed or if some behavior had not yet been identified and modeled. 
Finally, a “redefinition” relationship was created between the part properties of the abstract ECMO Circuit block 
and the part properties of each specific circuit design. By doing so, each part property in each circuit design was 
mapped to the abstract structural component that it was meant to serve as. For example, the SIII Roller Pump is a 
particular kind of blood pump that is used in the CHOA roller-head pump circuit. In the SysML model the part 
property for the SIII Roller Pump redefines the abstract Blood Pump part property of the ECMO Circuit block. 
Fig. 4. Cross-cutting relationships example 
 
With these cross-cutting relationships in place, any element of an ECMO circuit design can be traced from source 
materials to requirements, from requirements to behaviors, from behaviors to abstract structural element, and finally 
599 Nathan L. Adams and L. Drew Pihera /  Procedia Computer Science  16 ( 2013 )  591 – 600 
from abstract structural element to a specific make and model of a component. This end-to-end traceability provides 
an objective mechanism for determining whether a particular circuit design meets its requirements and a mechanism 
for performing impact analysis should requirements, best practices, or technology change. Future iterations of the 
model could incorporate more of the full lifecycle aspects of the ECMO domain such as training and maintenance 
and could expand any impact analysis accordingly. 
5. Future work 
Feedback from stakeholders on the framework was entirely positive. Although none of the medical professionals 
had any training in SysML, the diagrams proved to be an effective communication tool between the systems 
engineering students and medical professionals alike. With a minimal amount of explanation as to the intent and 
symbology used, the diagrams quickly became a highly effective visual aid for discussing the complex details of 
ECMO therapy. It is hoped that future researchers will be able to further refine and expand the model to include 
tradeoff analysis tools such as parametric constraint models, statistical based surrogate models, and other external 
models. The following sections describe various projects that future research teams could complete by leveraging, 
refining, and expanding the framework. 
5.1. Tradeoff analysis of new heater 
The CSZ ECMO Heater used in ECMO circuits at CHOA and elsewhere is approaching its manufacturing end-
of-life and must soon be replaced. This is just one of the many technology insertion problems that periodically 
plague ECLS centers. This project would define suitable component requirements for a replacement heater, identify 
candidate hardware components, and perform a tradeoff analysis of the candidate technologies. The final output of 
the project would be the selection of a replacement heater that meets all of the defined performance, cost, and 
maintenance requirements. Similar projects can be executed to satisfy other technology insertion needs. 
5.2. Comparison of existing circuit designs to aid the design of a best-of-breed ECMO circuit 
Stakeholders across the ECLS medical community agree that ECMO therapy would benefit from a standard, best-
of-breed circuit design that, at a minimum, could serve as a reference implementation of an ECMO circuit. 
However, little consensus exists on what the make-up of such a circuit would be. This project would first perform a 
comprehensive review and refinement of the SoS and system requirements in order to achieve broad consensus and 
acceptance within the ECLS community. Then, an extensive tradeoff analysis of existing ECMO circuit designs, and 
potentially newly proposed designs, would be performed using the requirements as the evaluation criteria. The 
output of the project would be a best-of-breed ECMO circuit design and an associated set of component level 
requirements captured in the SysML model. Note that it is expected that two or more such circuit designs may be 
required in order to optimally serve patients with body sizes ranging from infant to adult. 
5.3. Human factors analysis 
 All ECMO circuit designs observed by the gtECMO teams employ numerous monitor and control interfaces for 
the various hardware components that compose the circuit. Monitoring and controlling the state of the circuit and its 
effect on the patient is requires that the ECMO specialist be an expert user of all of these interfaces. This project 
would use human factors engineering (HFE) principles and practices to simplify and improve ECMO circuit 
interfaces. Areas that might be explored include improved labeling of hardware components, commonality of 
measurement units and direction, data display synthesis, more ergonomic circuit layouts, functional reach zone 
analysis, and hazard analysis. 
5.4. Data collection and automation 
ECMO circuits are often composed of stand-alone medical hardware devices and sensors, each with a separate 
interface for displaying its current state. Data collection from these devices is often a manual process performed by 
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the ECMO specialist. Once data has been acquired in written form it must then be manually entered into a database. 
During a patient emergency data is often lost as the medical staff is too busy addressing the patient’s needs to take 
the time to acquire data. When ECMO circuit hardware components have been repurposed from other medical 
applications, the component often lacks any rating for use in ECMO therapy. For example, an oxygenator may be 
rated to operate free of blood clots for a minimum of 12 hours, but no data exists for the device being used for a 30 
day ECMO therapy. This project would investigate the automation of periodic data collection, the automation of 
data entry into an electronic records system, techniques for developing hardware ratings for components used during 
extended ECMO therapies, and develop predictive maintenance schedules based on collected historical data. 
5.5. Training improvements 
Because each ECLS center employs a unique ECMO circuit design, each ECLS center must create its own set of 
training curriculum for ECMO specialists and other ECLS medical personnel. With the completion of the best-of-
breed ECMO circuit project, detailed in section 5.2 above, it is plausible to then create an associated training 
curriculum. This project would seek to establish a common training curriculum for the construction, operation, and 
maintenance of an ECMO circuit. ECLS centers implementing the reference circuit would benefit from reduced 
training costs and the ability to easily share “tribal knowledge” with other such ECLS centers. 
5.6. FDA approved reference implementation 
While the individual hardware components that comprise an ECMO circuit must be approved by the United 
States Food and Drug Administration (FDA) for use in the United States, no FDA approvals have been obtained for 
an ECMO circuit as a whole. This project would seek to establish FDA certification for the best-of-breed ECMO 
circuit project, detailed in section 5.2 above, using hardware component ratings from the data collection project, 
detailed in section 5.4 above.  
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